Abstract: Micro-fabric characteristics and optically stimulated luminescence (OSL) dating results are presented to discuss the controlling agents and timing of beachrock cementation on the fresh-water Iznik Lake shoreline. The beachrocks are made up of grain-supported polygenic conglomerate containing 20.42% carbonate with encrusted grains, basically as micrite coatings, isopachous aragonite rims, cryptocrystalline void fills and meniscus bridges. The optical ages of twelve samples yielded ages that range from 4.226±0.569 ka on the lowermost beds to 0.706±0.081 on the uppermost. This is the first report of precipitation of marine-like cements in Iznik Lake. The abundant aragonitedominated cement is likely indicative of precipitation-prone dry evaporative conditions from the climatic optimum to the last millennia.
INTRODUCTION
In the present study, we discuss the nature and age of beachrock that formed in a fresh-water lake environment in northwest Turkey. In the strict use of the term, beachrock is known to occur mostly along tropical and subtropical coasts as well as the Mediterranean (Ginsburg 1953; Bricker, 1971) and its carbonate cement is of prime significance in interpreting the real place of cementation. Precipitation from mixed marine and meteoric waters, groundwaters, sea waters and marine microorganisms have often been accepted as governing factors of the source of the connective carbonate (see ref.
in Vousdoukas et al., 2007) . The precipitation directly from freshwater lakes is, however, restricted to a few examples (Jones et al., 1997; Binkley et al., 1980) which both differ in terms of the nature of their cement (i.e. silica and low-Mg calcite, respectively) rather than beachrocks rich solely in aragonite, as discussed in this paper. Thus, a drawback arises in interpreting coastal structures such as real beachrock without considering the nature of the cement material.
Our knowledge on the origin and absolute age of beachrocks on Turkey's coastline is limited to a few recent publications (Erginal et al., 2008; Desruelles et al., 2009; Erginal et al., 2010) . In this paper, we combine field descriptions and spectroscopic data with optical dating results to highlight the governing factors and timing of carbonate precipitation that have led to tight induration of beachrock grains and gravels under favourable climatic and hydrologic conditions. Kayan (1996) was first to deal with the existence of beachrock on the Iznik Lake shoreline and suggested these occurrences formed when the lake was at a lower level.
CLIMATE AND GEOLOGY
Lying at latitudes 40º30′ -40º22′ north and longitudes 29º20′ -29º42′ east, the Iznik Lake (32 km long, 12 km wide) occupies an east-west trending tectonic depression, a pull-apart basin formed by the middle branch of the right-lateral North Anatolian Fault between Karlık and Gürle-Avdan mountain ranges to the north and south, respectively. The fresh waters of this perennial lake are drained today by the Karsak Stream that flows westward, i.e. into the Marmara Sea, through a deep gorge carved into Paleozoic marbles and Trias metamorphic rocks. To the east of the lake is the so-called Karadin valley, a WSW-ENE trending tectonic corridor slightly inclined to the lake (Fig. 1a, b) . Having a water level about 85 m above sea-level, the lake has a drainage area of 1246 km 2 , total surface area of 313 km 2 and a maximum depth of 80 m (Ozturk et al., 2009) . Hydro-chemically, the lake waters are warmmonomictic (Franz et al., 2006) . The climate of the lake area is typically Mediterranean, represented by hot-dry summers and cold-rainy winters. The temperatures (annual average 15.1ºC) range between 6.7ºC and 24.6ºC. The average annual precipitation is 737.9 mm. On average, the lake level shows insignificant annual variations of 50 cm during its low (May to November) and high (December to April) periods.
METHODOLOGY Analyses of connective cement
A total of twelve samples of beachrock were collected for micro-fabric analysis and optical luminescence dating. For interpretation of facies characteristics, scanning electron microscopy (SEM-ZEISS EVO 50 EP) coupled with Energy Dispersive Spectroscopy (EDX-Bruker AXS XFlash) was used due to the advantages of the high magnification limit as well as the three-dimensional imaging and elemental characterization of the connective cement. A Scheibler calcimeter (Schlichting and Blume, 1966) was used to determine the total CaCO 3 content. The measurements of pH were carried out using a WTW multi-parameter device. U, Th and K values within the beachrock cements were derived from Inductively Coupled Atomic Mass Spectroscopy (ICP-MS). The lake water composition was also analyzed using Atomic emission spectrometry (ICP-AES). Mineral constituents within the beachrocks was analysed by means of X-ray diffractometry (XRD).
Sample preparation and equivalent dose (D e ) estimate
Quartz grains of 90-180 μm in the beachrock deposits were extracted, wet-sieved and treated with HCl and H 2 O 2 for the removal of carbonates and organics prior to HF treatment to etch the outer surface of the quartz grains. The parts affected by alpha radiation were removed and then the samples were treated with HCL once more. The grains were subjected to infrared stimulation and no feldspar contamination was detected. The clean quartz grains were then spread on a stainless-steel disc using silicon spray for OSL measurement. The luminescence signals were measured by a Risø TL/OSL reader with blue (470 nm) light stimulation through U-340 filters (Bøtter-Jensen, 1997). The equivalent dose accumulated in the quartz was calculated by the optically stimulated luminescence single-aliquot regenerative-dose (OSL-SAR) protocol as presented in Table 1 (Murray and Wintle, 2000) . All laboratory procedures were performed under subdued red light. Aliquots from each sample were preheated at 260°C and then stimulated for 40 s at 125°C to record natural and regenerative OSL signals, respectively (L n , L i ). For testing the sensitivity change between the cycles, a test dose was administered to a cutheat temperature. Test dose OSL signals were then recorded (T n , T i ). The equivalent dose D e was obtained from interpolation of the corrected natural signal (L n /T n ) on the growth curve drawn by the use of sensitivity-corrected dose points (L i /T i ). Fig. 2 presents the growth curve constructed for a representative sample, L2-5.2, where regenerative doses were employed from 0 to 10 Gy.
For reliability in the OSL measurements, a known laboratory dose close to the natural dose was given to the bleached aliquots and evaluated by OSL-SAR protocol. The aliquots were also tested by the repeatability of a regenerative dose on the dose-response curve, recycling ratio, and recuperation, a measure of bleachability of the OSL signal compared to the natural signal. The annual dose rate of the natural environment for each sample was derived from U, Th and K concentrations obtained by ICP-ES/ICP-MS analysis ( Table 2 ). The β and γ dose rates were calculated from radioisotope concentrations (Murray and Wintle, 2000) . using the conversion factors of Adamiec and Aitken (1998) . The cosmic ray contribution to the dose rate was calculated using the formula given by Prescott and Hutton (1988) . The moisture content and carbonate fraction affecting the dose rate evaluation were also taken into account.
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RESULTS AND DISCUSSION
Stratigraphy and composition of cement
The beachrock ledges and sampling sites that were chosen from submerged, near-shore and backshore sections are shown in Fig. 3 . On the studied lake shoreline, the beachrocks comprise hard indurated 545 m-long slabs that dip towards the lake at distinctive angles varying between 4° and 15°. The shoreline-parallel ledges are predominantly composed of grain-supported polygenic conglomerate, containing angular or subrounded gravels of marble, serpentine, various volcanics, sandstone and limestone derived from the surrounding highlands. The uppermost surface of the beds is grey to light black in colour due to thin coatings of dead freshwater algae.
Looking at a vertical section of the beds, we see that conglomerate predominates on the top; progressing downwards to a finer grained sandstone. However, beds may exhibit variations in stratigraphic order. A variance in the fabric of clasts can also be recognized, represented by plane-parallel regular bedding to disorganized and poorly imbricated gravels and cobbles. Even though beds are commonly 40 cm-thick due to severe wave erosion, they show an eastward thickening attaining up to 1.6 m where the cemented beach also reaches 11 m in width. The western part of the beachrock zone is, however, rather different in that beds of 40 cm-thickness have higher angles of about 25°. Throughout the cemented beach, beds close to the lake are eroded and dislocated, the upper levels of which are marked by notches and grooves. To the south, behind the beach, beds terminate with the Iznik-Orhangazi highway, while the submerged beds may be followed up to 5 meters offshore. Based on the measurement of carbonate content, these beachrocks contain carbonate that ranges between 28.84% and 12.91% (average: 20.42%). The average EC and pH values were found to be 99.97 µs and 8.8 µs, respectively. EDX analysis (Table 3) revealed that elemental composition of the cements consisted, in decreasing amounts, of Ca>O>C>Si>K>Al>Fe>Mg>Na. Aragonite and calcite are the main elements of the connective carbonate cement and other accessory minerals consist of quartz, rutile and abundant coesite, based on XRD data. The presence of rutile and particularly coesite as a high temperature and high pressure polymorph of SiO 2 , appears to be somewhat mysterious, as this is mostly found in impact craters and ultra-metamorphic rocks such as eclogites. Because there is no source area for derivation of this unusual quartz in the lake basin, the mineral could have been transported from areas outside the basin as result of drainage input at some time in the past. However, further more-detailed petrographic analyses are needed to confirm its presence.
Cement types
As is known, proper identification of the cementation area of beachrock depends mainly on characterization of both the chemical nature of the connective cement and the micromorphology or crystal structure of the precipitated carbonaceous compounds. This can be achieved thanks to microanalysis methods such as SEM/EDX and XRD, having been applied convincingly in several previous beachrock studies (Holail and Rashed, 1992; Vollbrecht and Meischner, 1993; Kneale and Viles, 2000) . The composition and physical characteristics of beachrock in the studied beach are explained here based upon interpretation of these spectroscopic data. A total of 88 SEM images were taken to define the cement fabrics of the beachrocks. SEM images showed that the precipitated cements are quite similar to those of marine origin, as discussed below.
As evidence of the distinctive places and stages of carbonate precipitation, SEM images show that various types of cement morphologies exist, such as thick micrite coatings, isopachous aragonite rims, cryptocrystalline void fills and meniscus bridges. In almost all samples, micrite coatings preponderate, suggestive of an initial stage of precipitation of carbonate cements in consequence of supersaturation of pore waters (Vieira and De Ros, 2006) . These encrustations that developed on poorly rounded or angular silica-clastic grains ranging in size between 500 µm and 1 mm have a thickness of up to 50 µm (Fig. 4a, b) . Closer viewing of those overgrowths shows the existence of successive encrustations rather than one single layer. The lower layers, as early precipitates, are comprised entirely of equigranular aragonite needles (Fig. 4c) , which cause a considerable decrease in porosity. These micrite-sized (≤4 µm) crystals have blade-edged scalenohedral terminations and constitute reciprocal clumps on the aragonite rims. The overlying aragonites are also scalenohedral-shaped but larger in size (up to 10 µm), protruding as second generation precipitates from the micrite coatings.
Micritic pore-filling cement is another type of cement, which co-exists with thin meniscus bridges (Fig. 4d) , in particular, on the surface and age of angular grains. Thick plasters of carbonate are typical of precipitation from carbonate-saturated waters and are likely the result of closure of pores due to lateral widening in the meniscus bridges. These inter-granular bridges have thicknesses that vary between 20 µm and 50 µm. Several previous studies have been made on the precipitation of meniscus cement from carbonate-rich meteoric waters (Friedman, 1964; Scoffin and Studdart 1983; Spurgeon et al., 2003; Rey et al., 2004) . However, the bridges in this study are composed solely of micritic aragonite crystals, which could therefore also be related to precipitation around organic filaments by trapping of percolating micrite (Hillgärtner et al., 2001) . The third kind of cement is made up of isopachous aragonite rims, consisting of randomly-orientated aragonites, which range from 10 µm to 50 µm in length (Fig.   4e, f) . The intergranular pores are densely filled by those reciprocal crystals that protrude from the surfaces and edges of the angular grains. As is known, such prismatic
Fig. 4. SEM images showing (a-b) micrite precipitates on grain surfaces and boundaries as thin encrustations and (c) closer view of same thin films (square) dominated by patchy aragonite needles (black arrow); (d) typical meniscus bridge (dashed rectangular) co-existing with pore fills; (e) isopachous aragonite rims and (f) closer view of those rims (white rectangular).
crystal rims are regarded to be indicative of shallow marine phreatic conditions (Vieira and De Ros, 2006) , together with micrite films and pore infills.
Holocene lake-level variations based on optical ages
Unlike many studies which pointed to increased water levels during the Pleistocene era (Ardel 1953; Tanoglu and Erinc, 1956) or sea-water connections (Islamoglu, 2009; Nazik et al., 2010) , there are very limited field data that suggest Holocene water-level variations in Iznik Lake.
In this study, twelve samples of beachrock extracted from different levels and sites were dated using optical dating. The luminescence age, equivalent dose and environmental dose rate obtained for each sample are presented in Table 4 . The uncertainty in OSL age of the aliquots from each sample was found to be about 10%. The ages reveal that the first accumulation of beachrock grains and gravels occurred 4.23±0.57 ka ago when the lowermost layers at 1.2 m depth were accumulated. The ages of near-surface samples extracted from a depth of 5 cm, however, yielded ages ranging between 0.70 and 1.35 ka.
These age values suggest that the cementation history of the beachrocks encompasses a time period of 3.5 ka. The different ages determined for distinct levels from 5 cm to 1.2 m is worth considering, because it might be suggestive of episodically developed induration of the beds. Induration of such a thick beach material could have occurred via precipitation of carbonate cement due to increased evaporation conditions, possibly when the level of the lake was decreasing, which is supported by previous geo-archeological and geomorphological data. Kayan (1996) also proposed, based on geo-archaeological data from the late Neolithic Ilipinar settlement west of the lake, that a lake level a few meters higher was followed by drier and hotter climatic conditions during the climatic optimum between 6 ka and 3 ka, which, as he suggested, favoured formation of beachrocks at lower water levels. The transition in climate in the Mediterranean during the mid-Holocene has been criticized recently by Roberts et al. (2011a) , pointing out an oscillatory decline in winter precipitations after ~6 ka BP. This transition was comprised of three stages; each eventuated in drier periods from 5.3 to 2.8 ka BP (Roberts et al., 2011b) . The intense droughts occurred, for instance, in central Anatolia at the end of 6 th , 5 th and 4 th millennia BP, based on sedimentological data from sediments of Tecer lake (Kuzucuoglu et al., 2011) .
Regression in level of the lake waters is also supported by morphological data by Ikeda et al. (1991) , who paid attention to a sequence of subparallel beach ridges on the western shore marked by dune crests 1-2 m higher than the present lake level. They suggested, given the lack of absolute ages, that these ridges formed during short-lived stillstands of a regressional stage which followed the last high stand of the lake.
As explained above, marine-like cement micro-fabrics within the beachrocks might have implications concerning the source or, at least, the chemical composition of the water from which the connective aragonite cements were precipitated. Our data indicate that a decline in lake level favouring carbonate precipitation during drier periods could be suggested because sections of the beachrock ledges are submerged today. However, Late Pleistocene was possibly characterized by higher water levels than Late Holocene. On the north shore of the lake, the first author recently detected a fossiliferous beachrock that contains abundant Cerastoderma glaucum shells (unpublished data). Based on the fact that this fossil shell is typical of salt marine-waters, the finding confirms a suggestion that the lake was connected with the sea at 39790±360 BP based on AMS radiocarbon age (Beta, USA) from fossil shell of C. glaucum. However, Nazik et al., 2010 suggested a Holocene connection based on the presence of ostracode Limnocythere inopinata sevanensis Bubikyan, which is typical of brackish Black Sea waters (Nazik et al., 2010) . These new findings have the potential to explain the initial precipitation of marine-like cements in present-day Iznik Lake. However, precise assessment of the origin or controlling agents of the precipitation of the aragonite cement depends on more comprehensive analysis of carbonate chemistry and stable isotope determinations, which will be discussed in a subsequent paper.
CONCLUSIONS
The cementation characteristics and optical age of Late Holocene beachrock on the southeast shoreline of Iznik Lake were examined in this study. Petrographically, the cemented beach materials comprise a grain-supported polygenic conglomerate, consisting of poorly rounded gravels of marble, serpentine, various volcanics, sandstone and limestone. The defined marine-like cements, such as micritic coatings, isopachous rims, cryptocrystalline void fills and meniscus bridges, are all composed of aragonite and have features similar to those formed in a marine phreatic zone. Suggesting only slightly changed levels in the lake, optical luminescence ages revealed that the beachrock cementation occurred at Late Holocene and that favourable conditions existed in historical times.
